Aims/hypothesis Identifying women with gestational diabetes mellitus who are more likely to require insulin therapy vs medical nutrition therapy (MNT) alone would allow risk stratification and early triage to be incorporated into risk-based models of care. The aim of this study was to develop and validate a model to predict therapy type (MNT or MNT plus insulin [MNT+I]) for women with gestational diabetes mellitus (GDM). Methods Analysis was performed of de-identified prospectively collected data from women diagnosed with GDM by criteria in place since 1991 and formally adopted and promulgated as part of the more detailed 1998 Australasian Diabetes in Pregnancy Society management guidelines. Clinically relevant variables predictive of insulin therapy by univariate analysis were dichotomised and included in a multivariable regression model. The model was tested in a separate clinic population. Results In 3317 women, seven dichotomised significant independent predictors of insulin therapy were maternal age >30 years, family history of diabetes, pre-pregnancy obesity (BMI ≥30 kg/m 2 ), prior GDM, early diagnosis of GDM (<24 weeks gestation), fasting venous blood glucose level (≥5.3 mmol/l) and HbA 1c at GDM diagnosis ≥5.5% (≥37 mmol/mol). The requirement for MNT+I could be estimated according to the number of predictors present: 85.7-93.1% of women with 6-7 predictors required MNT+I compared with 9.3-14.7% of women with 0-1 predictors. This model predicted the likelihood of several adverse outcomes, including Caesarean delivery, early delivery, large for gestational age and an abnormal postpartum OGTT. The model was validated in a separate clinic population. Conclusions/interpretation This validated model has been shown to predict therapy type and the likelihood of several adverse perinatal outcomes in women with GDM.
Introduction
Insulin resistance and a reduced pancreatic beta cell reserve contribute to the development of gestational diabetes mellitus (GDM) [1] . GDM varies in severity, with some women requiring insulin therapy in addition to mainstay medical nutrition therapy (MNT) [2] .
Rapidly increasing GDM rates present multidisciplinary teams with the challenge of providing optimal diabetes education and management services when clinical resources are constrained. Different models of care are developing internationally in an attempt to meet the increasing demand for GDM services. Identifying women with GDM who are more likely to achieve optimal clinical outcomes by MNT alone vs those who may require MNT plus insulin (MNT+I) could enable early triage to be incorporated into risk-based models of care.
A number of studies have successfully identified one or more clinical or biochemical characteristics present at the time of GDM diagnosis that are associated with the need for insulin treatment [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . These include early GDM diagnosis (e.g. at <25 weeks gestation), a family history of diabetes, nonEuropean ethnicity, an older age, elevated fasting blood glucose level (BGL) and HbA 1c at GDM diagnosis, and an elevated pre-pregnancy BMI [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Despite the identification of individual independent predictors of the need for insulin therapy in GDM, only a few studies have attempted to use these factors to develop a model for predicting therapy type (either MNT or MNT+I) in women with GDM [3, 5, 11] . For those that have made such an attempt, success has been limited.
The aim of the current study was to develop and validate a clinically useful model to predict the need for insulin therapy in addition to MNT in the management of women with GDM. The working hypothesis was that commonly available clinical and biochemical variables could be incorporated into a model that could predict therapy type in women with GDM.
Methods
The study population comprised women with GDM attending Bankstown-Lidcombe Hospital Diabetes Centre, New South Wales, Australia, between 1992 and 2015. This 458 bed metropolitan teaching hospital is situated in an ethnically diverse region with high numbers of residents with East and SouthEast Asian, Middle Eastern, and South Asian backgrounds. Socioeconomic disadvantage is common in this area and the degree of health literacy is highly variable. Compared with the state of New South Wales, Bankstown Local Government Area has a lower percentage of Australian-born individuals (56.2% vs 68.6%), more unemployment (7.6% vs 5.9%) and a lower median weekly household income (2011 National Census Data) [13] .
De-identified data that were prospectively collected as part of routine heath care were extracted from a customised database (Bankstown-Lidcombe Hospital Diabetes Centre Database System [DCDS] ). The data were analysed for singleton births in women diagnosed with GDM by criteria in use from 1991 [14] and formally adopted and promulgated as part of the more detailed 1998 Australasian Diabetes In Pregnancy Society (ADIPS) management guidelines [15] , with any BGL result of fasting ≥5.5 mmol/l and/or 2 h ≥ 8.0 mmol/l in a 75 g OGTT (ADIPS Australian criteria). Universal screening was offered at 24-28 weeks gestation via a 50 g oral glucose challenge, proceeding to a 75 g OGTT if the 1 h BGL was ≥7.8 mmol/l. Women at a high risk of GDM underwent earlier screening that was repeated at 24-28 weeks if the early test was normal. From 2010 onward, a 1 h value of ≥10.0 mmol/l in the OGTT was also considered diagnostic for GDM.
MNT was the first-line therapy, with insulin commenced if optimal glycaemic targets (defined as fasting BGL <5.5 mmol/l, 1 h postprandial BGL <7.4 mmol/l and 2 h postprandial BGL <7.0 mmol/l) were not reached. For women newly diagnosed with GDM, if BGL glycaemic targets were not reached within 2 weeks, then insulin therapy was commenced. However, insulin was commenced at any time during pregnancy when a sustained achievement of glycaemic targets by MNT alone failed to occur. Oral hypoglycaemic agents were not used. Individuals without all data items required for inclusion in the model or a multiple pregnancy were excluded.
Clinical management of GDM English-speaking women received initial education from a dietitian and diabetes educator, in either an individual (1992 to 31 January 2012) or group (1 February 2012 to 1 March 2015) setting. All non-Englishspeaking women received initial education in an individual setting via an interpreter. All initial education was followed by at least one individual dietitian appointment, usually within 6-8 days. The women self-monitored their BGLs (i.e. selfmonitored blood glucose [SMBG]) four times daily: after fasting and either 1 or 2 h after the start of three main meals, based on the postprandial value that was most elevated in the OGTT. One hour postprandial testing was used after the introduction of a 1 h diagnostic value for the 75 g OGTT from 2010 onward. Each woman was monitored in the multidisciplinary clinic for the remainder of her pregnancy. SMBG results were reviewed by the diabetes educator and endocrinologist at each visit, and insulin was commenced and/or titrated if glycaemic targets were not reached at any time before childbirth. Women were weighed at each visit.
MNT All women were advised to follow a carbohydrate controlled diet with higher fibre (25-30 g/day) and lower saturated fat (7-10% of total energy). Dietary advice aimed for approximately 45-50% of energy to be obtained from carbohydrate, 20-25% from protein and 25-30% from fat. Women were advised to spread their carbohydrate intake over three main meals and three snacks, and to consume approximately 30-45 g carbohydrate at breakfast, 45-60 g at lunch and dinner, and 15-30 g in snacks. Women were also advised to minimise their intake of concentrated sources of fat and added sugars in their diet. Lower glycaemic index foods were recommended. Regular physical activity of approximately 30 min/day was promoted. All women received individualised MNT education within the multidisciplinary GDM clinic after their initial education. Individualised MNT advice was based on individual dietary requirements, personal food preferences, reported dietary intake (assessed by diet history or 3 day food record), and SMBG results. Maternal weight gain recommendations were stratified according to pre-pregnancy BMI, in accordance with the Institute of Medicine guidelines [16, 17] .
Clinical variables
The following clinical variables were analysed or derived from items in the database (DCDS): age, gravida, parity, ethnicity, pre-pregnancy BMI (based on selfreported pre-pregnancy weight and measured height), history of GDM, family history of diabetes, OGTT results and HbA 1c at GDM diagnosis. The treatment modality (MNT or MNT+I) during pregnancy, mode of delivery, birth-weight and presence of delivery complications were recorded in the database as part of routine care.
To determine whether the therapy prediction model also predicted the likelihood of adverse perinatal outcomes, these outcomes were compared with the number of therapy predictors for each pregnancy. Adverse perinatal outcome assessments included rates of early delivery (<37 weeks), Caesarean section, neonatal hypoglycaemia, large for gestational age (LGA) infants and small for gestational age (SGA) infants. Birth-weights were categorised into SGA (<10th percentile) and LGA (>90th percentile) by reference to customised percentile charts which adjust for age, maternal height (measured by stadiometer), self-reported pre-pregnancy maternal weight (recorded at first GDM clinic visit), parity and ethnicity using the www.gestation.net website and the method of Gardosi et al (Bulk Centile Calculator V6.7.3 -13) [18] . Postpartum OGTT results were included for women who had completed the test (55.0% of the total).
Ethical approval for this study was provided by the South Western Sydney Local Health District Research and Ethics Committee.
Statistical analysis Readily available clinical and biochemical variables were initially assessed as predictors of insulin therapy in single variable logistic regression models, either as yes/no categorical variables or continuous variables. Variables with a p value of <0.20 in single variable logistic regression models were included in the initial multivariable logistic regression model. The backward selection method was then used to derive the final model consisting of seven significant predictors (p < 0.05). None of the cut-off points used in the model were pre-specified: all emerged from the data. Once significant variables were identified by multivariable regression analysis, continuous variables were dichotomised for ease of use in a clinical setting. Each continuous variable was first categorised into four or five groups and cross-tabulated against therapy type. The point with the greatest increase in insulin therapy type was then identified and tested as a significant predictor of insulin use by univariate analysis (p < 0.05). The variation in the logistic regression models explained by each potential predictor was assessed using the Nagelkerke R 2 value. Seven significant predictors for treatment were included in the final logistic regression model. A 'predictor score' (0-7) was calculated for each participant based on the seven significant predictors of therapy outcome. For example, if a participant had three of the seven predictors, then they received a 'predictor score' of three. To further evaluate the final predictor model, a receiver operating characteristic (ROC) curve of sensitivity plotted against 1−specificity was constructed based on the number of predictors present (0-7) vs the therapeutic outcome (MNT vs MNT+I).
Continuous data were compared between study groups using independent two-tailed t tests. Categorical data were analysed using 2 × 2 contingency tables and χ 2 tests. Results are presented as the mean ± SD or ORs and associated 95% CIs. The sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) of the model were also calculated.
All analyses were done in IBM SPSS Statistics software (version 22.0, Chicago, IL, USA). Statistical significance was set at a p value of <0.05.
The final model was subsequently validated in a second clinic population of women (n = 1040) with GDM who were managed from 2009 to 2013 at the Liverpool Hospital Diabetes Centre, NSW, Australia. This population differed in ethnic composition, percentage MNT+I and model of care. Initial education was delivered in a group setting: one to one MNT education was not routinely offered. In addition, those managed with MNT alone had follow-up provided by diabetes educators, whereas those on insulin were managed by an endocrinologist.
Results
Of 4015 women, a total of 3317 had complete data on all items assessed for inclusion in the model. Those with complete data were diagnosed at a mean ± SD gestation of 26.7 ± 5.9 weeks and had a mean age of 32.1 ± 5.4 years, an OGTT fasting BGL of 5.1 ± 0.8 mmol/l, HbA 1c of 5.3 ± 0.60% (34 ± 6.6 mmol/mol) and a pre-pregnancy BMI of 26.4 ± 6.3 kg/m 2 . Their ethnic background was 33.7% East and South-East Asian, 27.0% Middle Eastern, 22.5% European, 11.5% South Asian and 5.3% African subcontinent or Pacific Islander. Table 1 summarises the demographic and clinical data from the 4015 women whose clinical and laboratory data were used to develop the model. Gravida, parity, prior GDM, previous fetal macrosomia, a family history of diabetes, ethnicity, maternal age, nulliparity, pre-pregnancy obesity (BMI ≥30 kg/m 2 ), gestational age at diagnosis, fasting and 2 h BGLs in the OGTT, and HbA 1c at GDM diagnosis were all found to be significant predictors of therapy type on univariate analysis, explaining 24.3% of the variance. A number of these lost significance when assessed in a multivariable regression model (gravida, parity, 2 h OGTT BGL, history of macrosomia and nulliparity) and were removed. In multivariable regression, the remaining eight variables explained 24.7% of the variance. Of these eight remaining variables, it was considered impractical to use ethnicity in a model for clinical use, and it was also removed. The use of ethnicity as a variable was considered impractical because of the large number of different ethnicities represented in these data; hence, including this variable would have prevented development of a model with a simple risk scoring system. The remaining seven variables still explained 24.2% of the variance, with five being continuous variables. The five continuous variables were then dichotomised: age (≤30 or >30 years); obesity (pre-pregnancy BMI <30 or ≥30 kg/m 2 ); gestational age at diagnosis (<24 or ≥24 weeks gestation); fasting BGL (<5.3 or ≥5.3 mmol/l), and HbA 1c at GDM diagnosis (<5.5% [<37 mmol/mol) or ≥5.5% [≥37 mmol/mol]). These were added to the significant categorical variablesfamily history of type 2 diabetes and previous GDM. In multivariable regression analysis, the seven dichotomous variables remained significant predictors in the final model, explaining 20.3% of the variance. Table 2 shows the frequency with which the different numbers of predictors occurred and the corresponding percentage of women requiring MNT only vs MNT+I. Regarding the Bankstown-Lidcombe Hospital data, the greater the number of predictors present, the greater was the likelihood of MNT+I being prescribed. For those with 0-1 predictors, the OR for remaining on MNT vs commencing insulin was 4.0 (95% CI 3.2, 4.9), with a sensitivity of 30.9%, a specificity of 89.9%, a Data from a total of 1040 women in a separate clinic population (Liverpool Hospital Diabetes Centre, NSW Australia) were also used to test the model. This population was diagnosed at a mean of 23.0 ± 6.9 weeks gestation and had a mean age of 31.5 ± 5.3 years, a mean OGTT fasting BGL of 5.2 ± 0.9 mmol/l, a mean HbA 1c of 5.4 ± 0.56% (36 ± 6.1 mmol/mol) and a prepregnancy BMI of 27.9 ± 6.9 kg/m 2 . The ethnic background of this population was: East and South-East Asian, 22.4%; Middle Eastern, 23.8%; European, 23.6%; South Asian, 20.8%; and African subcontinent or Pacific Islander, 7.2%. A total of 23 women (2.2%) had missing data. All of these data differed significantly from those of the patient population in the present study (p < 0.01 for all). The model was found to be equally predictive of therapy type, as shown in Table 2 , despite the different model of care, significantly different ethnic composition (p < 0.0001) and different percentage insulin use (47.2% vs 32.1%, p < 0.0001). The AUC for the 'test site' ROC was very similar, at 0.707 (95% CI 0.676, 0.739).
The number of predictors present was also found to be associated with the likelihood of several adverse perinatal outcomes (Table 3) . Compared with women with 0-1 predictors (low risk), women with 2-5 predictors (intermediate risk) or 6-7 predictors (high risk) were significantly more likely to have Caesarean delivery, an LGA infant and an abnormal postpartum OGTT, and early delivery was significantly higher for women with 6-7 vs 0-1 predictors. However, there were no differences in neonatal outcomes, including neonatal hypoglycaemia and shoulder dystocia. Similarly, as shown in Table 4 , the number of predictors present also resulted in significantly different rates of Caesarean delivery and LGA infants (6-7 vs 0-1 predictors), but not of early delivery in the 'test site' data. No data were available for neonatal outcomes or postpartum OGTT results at the 'test site'.
Discussion
The current study has successfully developed and validated a model that predicts future therapy type at diagnosis for women with GDM, using a number of readily available dichotomised variables found to be independent predictors of MNT+I, including both clinical and biochemical characteristics. The greater the number of predictors present (0-7), the increased likelihood there was of requiring MNT+I. Conversely, the fewer predictors present, the greater the likelihood there was of women remaining on MNT alone. In addition, a higher number of predictors also increased the likelihood of several adverse perinatal outcomes, including Caesarean delivery and an LGA infant.
Consistent with the current study, a number of other studies have identified clinical and biochemical variables associated with a need for insulin therapy in GDM [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The majority of these identified independent predictors of therapy type using multivariable logistic regression analysis [3] [4] [5] [6] [7] [8] [9] 12] . Many identified the same predictors of insulin that were found in the present study, such as elevated pre-pregnancy BMI [4, 5, 8, 9] , elevated OGTT fasting glucose [3, 4, 6, 8, 9] , elevated HbA 1c at GDM diagnosis [3, 5, 9] , a history of GDM in a previous pregnancy [9] , a family history of type 2 diabetes [3, 5] and an earlier diagnosis of GDM [3, 7, 8] . Similar to in the present study, González-Quintero et al [8] and McFarland et al [7] found that a fasting glucose OGTT value of >5.3 mmol/l was an independent predictor of the need for insulin therapy. Consistent with this study, several other studies have also found elevated OGTT values (other than fasting BGL) to be independent predictors of a need for insulin therapy. Previous studies reported an elevated 1 h BGL on the OGTT to be an independent predictor [3, 4, 7, 9] , whilst Wong et al (2011) found that an elevated 2 h OGTT value was an independent predictor for a requirement for insulin therapy [4] . However the latter finding was not consistent with the current study. In the present study, an elevated 2 h value was only predictive of insulin therapy in the univariate analysis, but not in the multivariable analysis. Hence, this variable was excluded from the final model. Age (>30 years) was identified as a predictor of insulin therapy in the current study. This contrasted with the findings of a large study (n = 2365) by González-Quintero et al [8] . These authors concluded that laboratory values (namely, fasting BGL and HbA 1c ) were stronger predictors of insulin requirement compared with any patient characteristic.
Despite a number of studies identifying individual predictors of therapy type in GDM, only three studies have attempted to use such predictors to develop a model to estimate the likelihood of insulin therapy in an individual patient [3, 5, 11] . Pertot et al attempted to identify patients with GDM who would need antenatal insulin treatment using a riskprediction tool based on maternal clinical and biochemical characteristics at diagnosis [3] . However, these authors could only explain 9% of the variance in requiring insulin with the clinical variables included in their analysis, compared with 20.3% in the current study. They therefore concluded that a risk scoring system was a poor predictor of insulin therapy. In contrast, Sapienza et al estimated the probability of insulin therapy based on the pre-pregnancy BMI, family history of diabetes, the number of abnormal 100 g 3 h OGTT values and HbA 1c at diagnosis [5] . However, these findings were based on a small sample (294 patients) and did not produce a simple clinically useful prediction tool. Mendez-Figueroa et al also attempted to predict the need for medical therapy in patients diagnosed with mild GDM (fasting BGL <5.27 mmol/l in a 3 h 100 g OGTT) [11] . They constructed a predictive model with variables of significance including the fasting BGL on the OGTT, pre-pregnancy BMI and BMI at 26-30 weeks. When these variables were combined, a predictive model with a sensitivity of 76%, a specificity of 52%, a PPV of 48% and an NPVof 78% was produced. The PPV for requiring medical therapy in the study by Mendez-Figueroa et al was much lower than that in the present study (48% vs 86.6% respectively), despite their slightly higher prevalence of patients requiring medical therapy (39% vs 32.1%) [11] . However, the differences between PPVs could be attributable to differences in the specificities of the two studies. The very high specificity found in the present study (99.4%) will have led to a high PPV. Mendez-Figueroa et al concluded that antenatal factors, either alone or in combination, did not enable the possible need for medical therapy to be predicted in women with mild GDM. The current study is novel. In contrast to previous studies, variables identified as being associated with insulin therapy in women with GDM were used to develop a model, which was then validated in a separate clinical population. The strength of this prediction model is indicated by its high specificity and PPV. The model performed well in predicting the requirement for MNT+I in women with a high prediction score (6-7), and for predicting MNT only in women with a low score (0-1). The OR further demonstrated the strength of the association in women who had 0-1 predictors and remained on MNT alone, and in women who had 6-7 predictors and commenced MNT+I.
The key aim of the model was to identify women who were unlikely to require insulin. This was accurately predicted by a low score, and characterised by the model's high specificity and PPV. The model's low sensitivity and NPV are not surprising because many women with a higher predictor score remained on MNT only.
The model developed in this study uses easily accessible clinical and biochemical variables that can be quickly tallied to determine individual risk, and therefore the level of monitoring and medical management required. Future research efforts will pilot this model to identify women with 0-1 predictors and, after initial education and monitoring, refer them to a low-risk clinic with a predefined set of criteria for referral back to a higher risk clinic, with the expectation that up to 15% may need insulin therapy (see Table 2 ). Individuals with 2-7 predictors will be monitored more closely -because of the high likelihood that they will require insulin therapy and their greater risk of adverse pregnancy outcomes.
Whilst metformin was not used in this patient cohort, it would be appropriate to assess this model in a GDM cohort managed with metformin, which is used in some services as initial treatment in preference to insulin. The authors expect that the model would yield similar findings, but this needs to be tested.
This study has several limitations. First, as the study cohort included women of mixed ethnic background at a significant socioeconomic disadvantage and with a high GDM risk, the findings may not be generalisable to all women with GDM. Although the model was found to be similarly predictive in a different clinical population, the 'test site' cohort had similar ethnicities, although these were represented in significantly different proportions. It is yet to be determined whether the model would be similarly predictive in a clinical population with an entirely different ethnic mix. A second limitation was the retrospective observational study design which was reliant on routinely collected clinical data. Hence, several factors could have affected which final therapy type was chosen, including differences in clinical practice during the study period. It is also unknown whether this model would work with diagnostic criteria and/or treatment targets different from the ones used in the current study.
This study has a number of strengths. First, it had the largest dataset of any published analysis that has attempted to predict therapy type in women with GDM. Second, the GDM clinic was supervised by the same endocrinologist (JRF) for the entire study period. Further, the same diagnostic criteria and treatment targets were used throughout. In addition, standardised protocols were followed throughout the study period to minimise differences in clinical practice. Other strengths include validation in another clinical setting and the strength of the observed ORs, specificity and PPVs.
Conclusion
For the first time, an easy to use clinical prediction model has been developed which can be used within a busy outpatient clinical setting to assess women and assist with triaging into higher and lower risk clinics. Using this model, almost a quarter (24.3%) of women with GDM in our clinic were assessed as being at low risk of MNT+I (0-1 predictors present) and considered for management in a low-risk setting. This is a significant finding in view of the rapidly rising GDM rates and the resultant constraints on available staff and financial resources. Triaging such a significant proportion of the GDM clinic population into a low-risk model of care could allow additional clinic time for more intensive monitoring and medical management of women deemed to be at higher risk of adverse outcomes. Although the model was found to have moderate predictive power in two clinical cohorts, further research is needed to determine whether it is equally predictive in other clinic populations. Future piloting of the model could be conducted within a new model of care, in which it could be evaluated according to pregnancy outcomes and resource utilisation.
